Abstract: This paper aims to present an overview of the Thingiverse digital model repository and provides an analysis of a subset of randomly selected models of this site. To carry out this study, literature research was conducted to identify relevant works. Based on existing research, a subset of available models is acquired and analysed utilising existing open source software. Focusing on the geometrical details of the acquired models, an analysis is performed. Furthermore, statistical data such as download, view counters, and utilised licences of these models, is collected. For the literature review on this platform, 25 existing works were identified. From the 10,000 randomly selected ThingIDs, 3528 were existent and were acquired. Most metrics calculated are dominated by less than 20% of all the analysed models. Online repositories are a source for user-generated digital models. This paper suggests that the licence of choice is a creative commonsattribution -share alike licence.
Introduction
Online repositories for digital models for consumers are numerous with the most prominent being Thingiverse (MakerBot Industries, LLC, 2008) . Through such repositories, users are able to share their own work, acquire and mix other users work and engage in discussions on specific 3D printing related topics such as models, parameter selection, handling and management issues, and 3D printer selection. Their design focus is consumer-centric with a number of abilities to upload, host, share, re-mix, discuss, acquire objects via 3rd party providers, and in some instances even to monetarise, i.e., sell, their designs. Indications for this community-centric approach is the inclusion of publicly available statistics on the object, e.g., download and view counter, integration of third-party social media capabilities, e.g., share on Facebook (Facebook, Inc., 2004) or Twitter (Twitter, Inc., 2006) , 'like' and other indicators of appreciation. The acquisition of digital models from online repositories is one method, besides reverse-engineering/3D scanning of existing objects or designing using CAD or modelling software, to provide the required digital models for a 3D print. Online repositories are a suitable source of digital models for end-users or consumers with limited abilities for reverse-engineering or 3D-modelling skills. Furthermore, such online repositories are suitable to extract trends and concerns of consumers, thus, allowing for market or scientific research into crowds (O'Hern and Kahle, 2013) or for research into the aesthetic design (Petrov et al., 2016) . In this work, the terms (online) repository, (online) community and platform are used synonymously in the context of the Thingiverse platform that acts as a repository for user-generated digital models and files, and as a community for collaboration and communication on these models and related issues. The rationale for this work is to provide information on the dynamics and the content of the Thingiverse platform.
Research into user-generated content such as with this study must be analysed for applicability into professional, e.g., industrial, domains, where digital models are commonly of greater complexity, must be enquired in further research. Green et al. (2017) for an example of commercialised user designed objects. Data generated with and analysed in this study can be beneficial for compiling model sets of varying degrees of complexity for machine learning, printability and optimisation research.
The Thingiverse platform was chosen as it is a very well known platform, with a large number of files and provides essential meta-data for the models in an easy to use, i.e., machine-readable, form. User-generated content for 3D printing is suitable for the generation of research datasets usable for machine learning algorithms and benchmarks as they reflect actual content which is of interest to end users. Furthermore, information from such public repositories is usable for trend-analysis which can be of interest to the idea generation phase of product development. The models are generally designed for 3D printing on a fused deposition modelling (FDM) type 3D printer (Fernandez-Vicente et al., 2015) .
The remainder of this work is structured as follows: In Section 2, the related work is processed to form a review of the works pertaining to the Thingiverse platform. In Section 3, the methodology to acquire the required models to validate previous works and extend them is described. Furthermore, the structure and composition of the platform are discussed. Following in Section 4, the general results of the analysis of the acquired data are presented with Section 5 providing further analysis. The work is concluded in Section 6 with a summary and conclusion.
Review of existing works on Thingiverse
In this section, the following works are identified as pertaining to the platform Thingiverse by literature research (forward and backward search) utilising the search engines of Google Scholar (Google Inc., 2004) , CiteSeerX (The Pennsylvania State University, 2015), semanticScholar (Allen Institute for Artificial Intelligence, 2015) and Web of Science (Thomson Reuters, 1992) . The search term for the literature search was 'Thingiverse'. From the initial findings, papers pertaining only to the usage of Thingiverse as a source for the storage or retrieval of certain models for the specific paper, or exemplary mentions of Thingiverse were excluded after an analysis of the respective abstract.
In the work by Oehlberg et al. (2015) , the authors analyse the remixing culture by analysing more than 175000 files on Thingiverse, respectively their metadata. The authors further provide an introduction to the concepts of remixing, the maker movement and the Thingiverse platform itself. It is stated, that the analysed customiser tool of Thingiverse falls short on enabling a sustainable remixing culture but is rather used to generate on-off designs that are not remixed further.
In the work by Acher et al. (2014) , the authors compare the Thingiverse repository and the strategies exhibited by its users to the domain of software product line (SPL) engineering, where varieties of similar software products are produced and maintained. Their analysis is guided along four topics from this domain, namely 'variability modelling and configuration', 'variability implementation', 'derivation' and 'reuse'. For this analysis they conduct an expert analysis of the customiser feature, which is based on OpenSCAD (Kintel, 2010) files, of approximately 50 Things. This work results in three challenges to the SPL domain to be solved utilising influences from 3D printing and online repositories such as Thingiverse. The challenges are capturing thing-specific constraints, the introduction of systematic engineering practices while keeping a low cognitive effort and the establishment of a cost-benefit trade-off. Alcock and Chilana (2016) provide research into users' conversations on the Thingiverse platform with the focus on the interactions regarding the usage, customisation and printing of digital models. Their analysis is based on the metadata of 23,285 Things acquired in September 2015. A selection of 2202 comments was categorised in up to eight categories with the category 'household' being the largest with 20% of the comments falling therein. In their sample, the largest file type present was STL with 84% but they encountered 197 different file formats. The authors identified the understanding of the object functionality, the understanding of the design customisability, the understanding of the design printability and the understanding of the design creation as barriers to the usage of pre-made 3D designs on the Thingiverse platform.
The work by Buehler et al. (2015) examines the topic of assistive technologies shared on the Thingiverse platform. For their research, the authors' examined models for such usage and interviewed the designers of these models. The authors classified the models found via specific search terms into seven categories. A subset of 363 Things by 273 designers was analysed in detail for their usage, assembly, instruction and creation. Metadata and comments of these Things were used for this analysis. A large part of this work is dedicated to the survey conducted on the motivation, demographics and background of designers of these Things. The authors identified the following challenges for open-sourced assistive technologies: Diversifying the Designer Population, Finding Assistive Technology On Thingiverse and Measuring the Impact of Designs On Thingiverse.
Also, similar to the previous work is the paper by Charbonneau et al. (2016) but alongside the co-fabrication of a wheelchair for dogs. Their findings include the necessity to include communication guideline with such assistive technologies on online repositories or platforms to enable an open design context. The authors selected an object from the domain of pet assistive technology due to the lack of regulations and the creation by amateur designers. In this work, the participatory design process and rationale of this object is detailed. Based on this description, the authors discussed the occurring problems, such as lack of feedback for design iterations, and opportunities for such technology such as availability in remote locations and reduced costs.
Griffey (2012) discusses the potential of 3D printing for public libraries in his work and identifies the Thingiverse platform as a source to acquire digital models for fabrication by the patrons and potential users. According to the author, the potential for 3D printing in public libraries lies in the ease of access of new technology to a broad audience and their mission to educate, inform, inspire and transform.
Further work from the domain of library science is conducted by Groenendyk (2016) , in which the author discusses the availability of educational 3D models on the internet. The author puts the availability of online 3D models into perspective with a historical account starting 3dcafe.com in 1989. Furthermore, the author provided a historical analysis of the '3D Marketplace Era' between 2005 and 2010, the '3D Printing Era' since 2010 and the 'Current Era' ca. 2015. In this work, the author provided an estimation of the number of models available from a variety of web resources, with a total number of 4375370 of which 3565117 are free to download. Thingiverse is in the third place regarding the number of available models, following 3D Warehouse and Turbosquid. The most common licence on Thingiverse is Creative Commons -Share Alike -Attribution, which is validated by the analysis presented in this work. In conclusion, the author warns, that albeit most digital 3D models are shared freely, this sharing is controlled by a handful of large corporations which can enforce more restrictive handling of these models.
From the domain of medical librarianship is the paper by Hurst (2016) , in which the usage of 3D printing for medical application is discussed. Following an introduction to the technology that is 3D printing and the associated software products, the author presents the Thingiverse platform as a possibility to acquire digital models. This paper is intended to make hospital and medical librarians aware of the opportunities that 3D printing provides, such as training and education.
The paper by Ko et al. (2016) discusses the quality of 3D printer hardware for consumers. In their research, the authors reference the Thingiverse platform as a community where users share and discuss quality assessments for various 3D printers. The authors also acquired 378 test models from this platform, which are subsequently discussed and evaluated. They found that, as a community, the evaluation of 3D printer quality was performed and anticipated that future test models will be co-developed within and by such communities.
Thingiverse is the topic of a number of publications by Kyriakou and Nickerson, such as Kyriakou and Nickerson (2013) , in which the authors present a hypothesis on the influence of originality on popularity and practicality of designs by analysing the geometrical distance between 16,139 designs acquired from Thingiverse. They found that more original designs are more popular than similar designs. Furthermore, they found that original designs are not less practical than imitative designs. As a third result, they found that designs stemming from parent designs are more popular than designs without parent designs. Their work is lacking in a specific definition of the shape similarity metric applied. analysed the structures or networks of designs deposited on Thingiverse. For their research, they proposed a design independence score calculated on the associated tags of each Thing. In their work, they analysed 19,700 designs. The method is proposed as a complementary method of detecting trends and innovations to patent analysis.
Combining their previous work, present a metric to apply to objects from Thingiverse to evaluate the collective design process emergent from such platforms.
In the fourth work by Kyriakou and Nickerson (2015) , the authors analyse the usage and development of designs in regard to their novelty. They have analysed 35,727 Things for their shape and semantic novelty, and interaction. For this work, the authors present their metric for shape similarity in greater detail than in previous works. In this work, they have analysed 35,727 designs from 8759 individual designers that were uploaded between January 2009 and June 2013. As a result, they claim that novel designs were more successful and online design communities are effective because of their ability to allow fast discovery of novel and practical designs.
In the paper by Mallon (2014) , the author provides an overview of various online resources supporting makerspaces. A makerspace is a physical location, where people, e.g., students, can gather and make things. Makerspaces are usually equipped with a number of devices, such as 3D printers. Thingiverse is described in this paper both content-wise and from its user-interface perspective. The author provides the verdict of 'highly recommended' for this platform.
The study by Moilanen and Vadn (2013) provides insight into the demographics and motivation of users of 3D printing. For this survey, they have collected information from 344 respondents, which were on average 35-year males from Europe or North America with at least a bachelor's level degree. In their study, they found that Thingiverse is less open than commonly perceived, with almost 42% of all models being set to private.
In another work by Moilanen et al. (2015) , the authors analyse the licensing choices of users on the Thingiverse platform. For this work, they have analysed the intellectual properties provisions provided by the Thingiverse terms of use and metadata from deposited models. The authors discussed the controversial behaviour of Makerbot, the company that is owning and running Thingiverse in great detail, with the warning, that albeit the most models seem to be licensed as open, this is only a secondary licence applied to the models, with a first licence applying through the terms of use being more restrictive and less userfriendly. For the analysis of secondary licensing choices by the users, the authors collected a set of 117,450 Things between the 16th and 18th August 2013. The most common licence was found to be creative commons -Share Alike -Attribution with ca. 36%, which is similar to the findings presented in this work. Nickerson (2015) discussed the mechanisms of collective design, such as remixing and modes of visibility in his paper. In this work, Thingiverse and user behaviour on this platform functions as an example of the concepts presented. As a result, the author claims that online communities are utilisable for observation of user behaviour to better understand collective design and enhance future design systems.
The work by Papadimitriou and Papalexakis (2014) describes the preliminary study on the object statistics of objects from Thingiverse backed by a graph-based, publicly visible, display of the connections between the analysed models. The authors analysed 36,504 Things of which about 90% were 3D printable. Influences of metrics such as likes and downloads are correlated to remix of certain models and it is found that the number of likes do not predict remixes and the number of remixes in itself is a bad predictor for other metrics.
Another work from Papadimitriou et al. (2015) is on an analysis of remix networks observed on Thingiverse. This is an extension to their previous work with a proposed autoregressive graph model. Rayna et al. (2014) analysed in their work the role of online 3D printing platforms in open innovation with customers. This work offers an enhanced understanding of open innovation, co-creation and mass-customisation and their relations. Furthermore, they provided a typology of co-creation and applied it to 14 online 3D printing platforms. In this work, Thingiverse is classified as offering printing services, printer sales and as a design repository.
The work by Rayna and Striukova (2016) provides a classification of 14 online services and develops a taxonomy for 3D printing consumer platforms. The authors analysed the aspects of both design and manufacturing within these services or platforms. Thingiverse was classified identical to their previous work. Furthermore, the authors discussed the pricing and revenue models of these platforms. In this report, Thingiverse is reported to quote the customers for a 3D print based on the object's complexity.
The study by West and Kuk (2016) focuses on the company strategy of Makerbot regarding openness, innovation, community involvement and development based on their Thingiverse platform. The authors presented the development of 3D printing companies and the 3D printer sales on the example of Makerbot/Thingiverse, with the example selected for three reasons:
• market dominance and brand recognition
• availability and focus on digital content with the Thingiverse platform
• the distinct intellectual properties strategies exhibited and their change.
The last work reviewed is by Zhou and Jacobson (2016) , which is currently only available as a pre-print on https://arxiv.org. This work describes a dataset of 10,000 digital 3D models acquired from Thingiverse to be used for benchmarking and validation of algorithms and concepts. In this work, the authors analysed the geometrical and contextual characteristics of the objects in the dataset. The dataset contains models from 2011 individual Things made by 1083 individual creators. The authors provide an online interface for the dataset for automated and human centred retrieval.
Methodology and source
For this endeavour, a search for 10 000 randomly generated Thingiverse IDs, between 1 and 1609996 were performed utilising a bash Free Software Foundation, Inc. (2007) script. The upper bound was determined at random to exceed the stated number of objects on the Thingiverse website, which is 'more than 10,00,000' according to http://www.Thingiverse.com/developers or 'over 764,690' according to http://www.Thingiverse.com/about, but still yield a result. All objects or 'Things' on Thingiverse are identified using such an ID (ThingID). This numeric ID differs from the alphanumeric ID attributed to each contributor or user. The alphanumeric user IDs or user names are publicly visible on the website. In the source of the website, these user IDs are mapped to numeric user IDs not displayed to the end user. The associated files for a thing, e.g., the STL file or files are identified by a numeric ID (FileID) similar to the ThingID. Each thing has exactly one owner/creator, one ThingID but can have multiple associated files. For this research, each randomly generated ThingID was checked if it is available or not. In the case of an unavailable object, the note was taken into a logfile. For each available object, the first available file from the list of associated files was downloaded, the licence, the numbers of downloads and views, the ThingID and the user-provided name of the object/Thing was logged. Further processing of the downloaded files was performed for further experiments which are out of scope of this paper.
After downloading the dataset, basic file and geometrical analysis were performed. File analysis was performed to detect the type of the file downloaded, as a number of different filetypes are deposited for the objects, such as STL, OpenSCAD (Kintel, 2010) file, Wavefront OBJ or other CAD formats. Only binary and ASCII STL files are considered for further analysis. On the STL files, the basic geometrical analysis is performed to extract information on the dimensions (length, width, height, bounding box and object volume) and the structural composition (number of parts and facets) utilising the admesh (Hroncok and Tomas Sykora, 1995) software.
The initial download of the model files occurred in September 2016 and the analysis of removed Things occurred in March 2017. This time period was selected to assess the rate of disappearance of Things from the repository.
Results
From the downloaded and analysed things, the following six were identified as having been the most downloaded with the renderings and download (DL) and view (V) numbers presented in Figure 1 . In this The renderings are created using a custom webservice, with the red lines indicating the object's bounding box.
Data acquisition
The dataset was acquired in September 2016 utilising a web scraper that was developed by the authors for the task to download files and metadata from the Thingiverse website. The web scraper is realised in BASH (Free Software Foundation, Inc., 2007) and uses wget (Free Software Foundation, Inc., 1996) for data retrieval. For the respective ThingID that was checked, the first file in the list of associated files was downloaded and is regarded for further analysis within this work. In Figure 2 , the tested random ThingIDs are depicted, with red dots indicating that no Thing was found for the specific ID and black triangles indicating Things that were available for the specific ID. The tools employed in this study are based on open source software and combined in bash (Free Software Foundation, Inc., 2007) scripts, which are available from the authors upon request. 
Analysis
Providing the dataset as a supplemental resource, the following results are available for cross-examination and expansion. From the available binary and ASCII STL files, information was extracted to be used in the further analysis regarding the complexity of the objects, such as described in Baumann et al. (2017) or Conner et al. (2014) .
From the acquired models, 3078 were analysed in detail, with 2050 of these files being ASCII STL files. 23 Things were removed from the website during the period of first acquisition (Sep. 2016) and follow-up analysis (March 2017), for unknown reasons. Due to the random selection of the ThingID, 11 Things were acquired twice, so the number of individual models acquired is 3067. These Things were modelled/created by 2846 Thingiverse users, which can be either individuals or organisations as there is no distinction between individual or group accounts on Thingiverse. The most models from a user were 11 Things downloaded, with an average 1.08 Things per user. The analysis of the metadata associated with the acquired files confirms some of the earlier findings, e.g., on the licensing choices (Groenendyk, 2016) , with the 'Creative Commons -Attribution -Share Alike' licence being the most common with 1479 (48.08% of all analysed models) models opting for this one as a secondary licence, see also Figure 3 for the further distribution of licensing choices. 
Available and Unavailable IDs
The word cloud, see Figure 4 , for the tags of the acquired Things shows that the most commonly used tag is 'customised' to indicate a derivative work with other popular tags indicating the usage for 3D printing, such as 'reprap', 'endstop', or 'prusa', as well as for smart phones, with tags such as 'nexus', 'iphone', or 'phone'. This figure was created using the online service of https://www.jasondavies.com/wordcloud.
The largest number of Things from the dataset was deposited in 2015 with 1116 objects, rising steadily from the earliest objects in the dataset from 2009. In 2016, fewer objects were deposited in which could be due to the fact, that while acquiring the objects, the year was still ongoing. See also Figure 5 for a graphical representation of this data. The average filesize of the downloaded set is 1.7 MiB, with a median size of 0.3 MiB and the largest file being 213 MiB in size.
Further statistics are listed in Table 1 with the abbreviations BB for the object's bounding box, Obj for the object, and max and min for maximum and minimum. The number of files indicated in the table resolves to the number of files associated with the respective Thing of which the file (for analysis) was downloaded. From the table it evident, that the range of the various metrics is broad. From the median of the number of comments and likes one can state that most available Things are not interacted at all, which is can be because of low or special interest items. On the other hand, few highly interacted with Things can be explained with items featured prominently or exposed on the front page of the repository. Another explanation for the selective high number of interactions is the participation in specialised features or calls for specific topics. Further metrics, such as a number of parts or object volume are also widely spread, indicating a broad range of items. The metrics for the number of downloads, views, comments and likes are also depicted in Figure 6 , where the data is sorted by the number of downloads to illustrate the correlations between these metrics. The correlations are calculated to be the following, see Table 2 ). When the numbers for downloads and views are plotted graphically, see Figure 7 , there is a trend apparent, that as more models are available per year, the general trend of the average download and view numbers decreases. From the 3076 files, 854 were identified as derivatives, indicated by the text 'My Customised' in the Thing title. Analysis of the prevalent license choice for these derived objects finds that they are similar to the general license choices. In Table 3 , the license choices are compared to the complete sample. No derivatives select the All Rights Reserved and the Creative Commons no Derivatives license. 6 Summary and conclusion
In conclusion, it can be said, that the research on the Thingiverse platform is already manifold and growing. Such an open platform for collaboration, sharing and material deposition is a bountiful source for research in various aspects, such as licensing, user behaviour, model and complexity evolution and company-user interaction as researched in numerous papers. The metadata and data itself are extensive and of high quality which enables geometrical and statistical analysis, as shown in this and previous papers. With this work, it is shown what aspects of research is conducted on and enabled by the online 3D model sharing platform Thingiverse. This is shown by the review in the first section. With this paper, it is also shown that previous topics researched can be confirmed and extended. This is performed with the random selection, acquisition and analysis of the digital 3D models in the sections on the results and analysis.
For future research, this dataset can be utilised to analyse the acquired models more in-depth and with specific questions in mind, such as evolution of geometrical complexity over time and influencing factors on the quality and complexity of digital models. Trend and usefulness analysis is further enabled by such a dataset. It is suggested to use this dataset for long-term observations on the users' behaviour in regard to the digital objects and observe the development of existing 3D models.
